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I. Introduction
The standard model (SM) has been evidenced to be a very successful theory at
the electroweak energy scale. The precise tests for the SM physics have established
plenty of knowledge about the elementary particles [1, 2]. Nevertheless, there are
a number of the unsolved issues in the particle physics and universe observations,
which are not able to be accounted by the SM [3, 4]. The issues in flavor physics are
the two facts, i) the mass spectrum hierarchy of the quarks and charged leptons [5],
ii) the distinct difference between the quark flavor mixing pattern and the lepton
one [6]. The issues in neutrino physics include what is the exact cause of the Sub-eV
neutrino masses [7]? Is the neutrino nature Dirac or Majorana fermion? In other
words, is there 0νββ or not [8]? Is the CP violation in the lepton mixing vanishing
or not? The issues in the universe are more difficult. What is really mechanism of
the genesis of the matter-antimatter asymmetry [9]? Whether it has to do with the
CP violation in the quark and/or lepton sector or not [10]? What is the nature of
the cold dark matter [11]? And so on. All of the problems are very important and
significant for both particle physics and cosmology, so they attract great attentions
in the experiment and theory fields all the time [12].
The researches for the above-mentioned problems have motivated many new
theories beyond the SM. The various theoretical suggestions have been proposed to
solve them [13]. Some grand unification models based on the SO(10) gauge group
can give some reasonable interpretations for fermion masses and flavor mixings [14].
Some kinds of flavor family symmetry are employed to understand the neutrino mix-
ing [14]. The references [16] discusses a combination of GUT and flavor symmetry.
The neutrino mass can be implemented by the see-saw mechanism [17]. The baryon
asymmetry can be achieved through the electroweak baryogenesis or leptogenesis
[18], and the references [19] also gave the Dirac leptogenesis idea. The cold dark
matter candidate can be scalar boson dark matter [20], sterile neutrino dark matter
[21], supersymmetry dark matter[22], and so on [23]. The references [24] studied
the mirror symmetric models. These theories are successful in explaining one or two
specific aspects of the problems, but it seems very difficult for them to solve many
aspects of the problems simultaneously. Indeed, it is especially hard for a model
construction to keep the principle of the simplicity, feasibility and the fewer number
of parameters, otherwise, the theory will be excessive complexity and incredible. On
the basis of the unity of nature, a realistic theory beyond the SM should simulta-
neously accommodate and account for the neutrino physics, baryon asymmetry and
cold dark matter besides the SM, in other words, it has to integrate the four things
completely. Therefore, it is still a large challenge for theoretical particle physicists
to realize the purpose [25].
In this work, I try to construct a simple and feasible particle model. It can
simultaneously accommodate the SM, neutrino physics, matter-antimatter asym-
metry and cold dark matter. The model local gauge groups are SU(3)C ⊗SU(2)L⊗
SU(2)R⊗U(1)Y . In addition, it has the global U(1)B−L⊗U(1)D symmetries where
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D is the dark matter particle number, and a discrete Z2 mirror symmetry. The
left-right mirror symmetry is a main characteristic of the model. Besides the SM
particles, the model includes some new particles as follows, three gauge bosons re-
lated to the right-handed isospin subgroup, three scalar fields which are respectively
a singlet, a right-handed doublet and a left-right doublet, a singlet Majorana neu-
trino, and vector-like quark and charged lepton. All kinds of the model symmetries
are spontaneously broken step by step by the scalar fields developing hierarchical
vacuum expectation values (VEVs) except the global U(1)B−L symmetry. In the
model, the left-right doublet scalar field merely develops a tiny VEV due to its very
heavy mass by nature, the neutrino tiny masses exactly arise from it. In addition,
the left-right doublet scalar boson can decay into a left-handed doublet lepton and
an antiparticle state of the right-handed doublet lepton, moreover, the decay is an
out-of-equilibrium and CP -violating process. The CP -violating source lies in the
scalar potential, which brings about the mirror asymmetry and CP violation of the
scalar potential. The decay process will eventually lead to both the baryogenesis
and the right-handed neutrino asymmetry through the mirror symmetry breaking
and the electroweak sphaleron process [26]. The singlet Majorana neutrino has some
unique natures in the model, for instance, it has the dark matter number instead of
the lepton number, and it has only a coupling to the singlet scalar. These proper-
ties ensure that it will become a cold dark matter particle. The model can not only
completely accommodate all the current experimental data of the SM and neutrino
physics, but also correctly reproduce the observed value of the baryon asymmetry
and the relic abundance of the cold dark matter. In particular, the model predicts
some interesting results, for example, the light right-handed neutrino asymmetry is
the same size as the baryon asymmetry, its relic abundance is the same size as one
of the microwave background photon, and a dark Goldstone boson exists, and so
on. Finally, the model is feasible and promising to be tested in future experiments.
I give some methods of searching some of the new particles in the experiments at
the LHC [27].
The remainder of this paper is organized as follows. In Section II I outline
the model. Sec. III introduces the model symmetry breakings and the particle
masses and mixings. Sec. IV and Sec. V respectively discuss the matter-antimatter
asymmetry and the cold dark matter. Sec. VI is the numerical results and a simple
discussion for the experimental search. Sec. VII is devoted to conclusions.
II. Model
The local gauge symmetries of the model are the direct product groups of
SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)Y . The gauge groups are obviously left-right
symmetrical. The model particle contents and their gauge quantum numbers are in
3
detail listed as follows,
Gaµ(8, 1, 1, 0) , W
i
Lµ(1, 3, 1, 0) , W
i
Rµ(1, 1, 3, 0) , Yµ(1, 1, 1, 1) ,
QL(3, 2, 1,
1
3
) , QR(3, 1, 2,
1
3
) , LL(1, 2, 1,−1) , LR(1, 1, 2,−1) ,
u˜L,R(3, 1, 1,
4
3
) , d˜L,R(3, 1, 1,−2
3
) , e˜L,R(1, 1, 1,−2) , ν˜L,R(1, 1, 1, 0) ,
HL(1, 2, 1, 1) , HR(1, 1, 2, 1) , HLR(1, 2, 2, 0) , φ(1, 1, 1, 0) . (1)
These notations are self-explanatory, and all kinds of the fermions imply three gen-
erations as usual. The first row in (1) is gauge fields. The second row are usual
quarks and leptons, which include the left-handed and right-handed doublets, in
particular, the light right-handed neutrino νR is embodied in LR. The third row in-
troduces heavy vector-like quarks and charged leptons, and singlet Majorana neutri-
nos. Since a vector-like fermion is a singlet under the left-handed and right-handed
isospin subgroups, its left-handed and left-handed fields have the same quantum
number. In addition, I stress that ν˜ is a gauge singlet Majorana fermion, so its
left-handed and right-handed components are each other CP conjugation by the re-
lation ν˜R = ν˜
c
L = Cν˜L
T
where C is a charge conjugation matrix. The last row is four
types of scalar fields. Only φ is a complex singlet, the rest are complex multiplets.
Their component representations are such as
HL/R =
(
H+L/R
H0L/R
)
, HLR =
1√
2
(
H0∗LR H
+
LR
−H−LR H0LR
)
. (2)
Here the relation HLR = τ2H
∗
LRτ2 is self-evident where τ2 is the second of Pauli ma-
trices. In addition, the notations H ′L/R = iτ2H
∗
L/R are used hereinafter. Each scalar
field is responsible for a special symmetry breaking. In brief, the model extends the
SM to the left-right mirror symmetrical theory. The new non-SM particles in (1)
will play key roles in the new physics beyond the SM, in particular, in the origin of
matter-antimatter asymmetry and cold dark matter.
In addition to the above local gauge symmetries, the model keeps the global
symmetries U(1)B−L ⊗ U(1)D. For all kinds of the fields in (1), their B-L and D
quantum numbers are listed as follows,
[Q, u˜, d˜]→ (1
3
, 0) , [L, e˜]→ (−1, 0) ,
ν˜L → (0, 1) , ν˜R → (0,−1) , φ→ (0, 2) ,
the others→ (0, 0) . (3)
Obviously, all the particles in (1) have normal B-L quantum numbers except the
singlet Majorana neutrino ν˜ and scalar φ. ν˜ and φ have actually the dark matter
numbers instead of the B-L quantum numbers. Only the two particles consist
in the dark sector, while the rest of the particles fall into the visible sector. In
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what follows, U(1)B−L is always an exact and unbroken symmetry, but U(1)D will
be broken spontaneously. The model characteristics not only guarantee that ν˜ will
become a cold dark matter particle, but also lead that the origin of the light neutrino
masses will completely be different from one of the quark and charged lepton masses,
furthermore, the lepton flavor mixing will greatly be different from the quark one.
Finally, the model has also a discrete symmetry Z2, namely the left-right mirror
symmetry. It is defined by the field transforms as follows,
fL ↔ fR , f˜L ↔ f˜R ,
HL ↔ HR , HLR ↔ H†LR , φ↔ φ∗ ,
WLµ ↔WRµ , Gµ ↔ Gµ , Yµ ↔ Yµ , (4)
where HLR ↔ H†LR means that its component transforms are H0LR ↔ H0∗LR, H±LR ↔
−H±LR. For Gµ and Yµ, both its mirror particle and its antiparticle are exactly itself.
For ν˜L and φ, its mirror particle is exactly its antiparticle. Later, we will see that
the global and discrete symmetries play key roles in the model.
Under all kinds of the above-mentioned symmetries, the invariant Lagrangian of
the model is composed of the following three parts. Firstly, the gauge kinetic energy
terms are
LGauge = Lpure gauge + ifγ
µDµf + if˜γ
µDµf˜ +
i
2
ν˜γµ∂µν˜ + ∂
µφ∗ ∂µφ
+ (DµHL)
†(DµHL) + (D
µHR)
†(DµHR) + Tr[(D
µHLR)
†(DµHLR)] , (5)
where f denote the usual fermions in (1), and f˜ are the vector-like quarks and
charged leptons. The covariant derivative Dµ is defined by
Dµ = ∂µ + i
(
gsG
a
µ
λa
2
+ gW iLµ
τ iL
2
+ gW iRµ
τ iR
2
+ gY Yµ
QY
2
)
, (6)
where λa and τ i are respectively Gell-Mann and Pauli matrices, QY is the charge
operator of U(1)Y , and gs, g, gY are three gauge coupling constants. Since both ν˜
and φ are gauge singlets, their kinetic energy terms are simply and directly written
out. The gauge symmetry breakings will lead to gauge field masses and mixing
through the Higgs mechanism.
Secondly, the model Yukawa couplings are given by
LY ukawa =QLH
′
LYuu˜R + u˜LY
†
uH
′†
RQR − u˜LMu˜ u˜R
+QLHLYdd˜R + d˜LY
†
dH
†
RQR − d˜LMd˜ d˜R
+ LLHLYee˜R + e˜LY
†
e H
†
RLR − e˜LMe˜ e˜R
+QLHLRYQQR + LLHLRYLLR + ν˜LφYν˜ ν˜R + h.c. , (7)
in which the last Majorana term can alternatively be written as ν˜Lν˜R = ν˜
c
Rν˜R =
ν˜TRCν˜R. The couplings Yu,d,e are 3×3 complex matrices and YQ,L,ν˜ are 3×3 Hermitian
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matrices. Mu˜,d˜,e˜ are Hermitian mass matrices of the vector-like quarks and charged
leptons. Mf˜ maybe arise from some flavon VEVs which break the flavor family
symmetry. However, here they are directly permitted by the model symmetries. In
any case, all of YQ,L,ν˜ and Mu˜,d˜,e˜ can be taken as real diagonal matrices by choosing
the flavor basic. It should be noted that the U(1)B−L ⊗ U(1)D symmetries prohibit
such terms as LLH
′
Lν˜R, ν˜LH
′†
RLR and f˜Lφf˜R, ν˜
T
LMν˜L, ν˜
T
RMν˜R. Obviously, ν˜ and
φ become two exceptional particles in (7) by virtue of their dark matter nature.
The Yukawa couplings of (7) will bring about reasonable explanations for the light
neutrino masses, matter-antimatter asymmetry and cold dark matter.
Thirdly, the model scalar potential is written as
VScalar = λφ
(
φ∗φ− v
2
φ
2
)2
+ λLR
(
TrH†LRHLR −
v2LR
2
+
Ω
2λLRv2LR
)2
+ λH
(
H†LHL −
v2L
2
+
Ω
2λHv2L
)2
+ λH
(
H†RHR −
v2R
2
+
Ω
2λHv2R
)2
+ (φ∗φ− v
2
φ
2
)
(
λ1(TrH
†
LRHLR −
v2LR
2
) + λ2(H
†
LHL −
v2L
2
+H†RHR −
v2R
2
)
)
+ λ3(TrH
†
LRHLR −
v2LR
2
)
(
H†LHL −
v2L
2
+H†RHR −
v2R
2
)
+ λ4(H
†
LHL −
v2L
2
)(H†RHR −
v2R
2
)
− 2µ0
(
eiδH†LHLRHR + e
−iδH†RH
†
LRHL
)
, (8)
where Ω = µ0vLvRvLR for convenience. All kinds of the parameters in (8) are
self-explanatory. All the coupling parameters are real numbers except the phase
δ. The self-couplings [λφ, λLR, λH ] should be ∼ 0.1, but the interactive couplings
[λ1, · · · , λ4] should be very weak. [vφ, vLR, vL, vR] are respectively the VEVs of the
corresponding scalar fields, see the following equation (9). µ0 is a positive parameter
with mass dimension, and eiδ is in fact the complex phase factor of µ0 only but it
is visibly written out. It should be pointed out that the terms related to Ω are
actually the original mass terms of the corresponding scalar fields before the model
symmetry breakings. It can clearly be seen from (8) that δ 6= 0 explicitly leads
to the mirror asymmetry and CP violation in the scalar sector. vL 6= vR 6= 0
will spontaneously break both the gauge symmetry and the mirror symmetry, in
addition, vφ 6= 0 will spontaneously break the U(1)D symmetry. In short, the scalar
potential structures are reasonable and regular, in particular, the freedom of the
model parameters is greatly reduced due to the mirror symmetry. In comparison
with the SM Higgs sector [28], however, the model scalar sector is more varied and
interesting. In conclusion, the above contents form the theoretical framework of the
model.
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III. Symmetry Breakings and Particle Masses and Mixings
The model symmetry breakings are implemented by the scalar potential (8). The
potential vacuum configurations are strictly derived from the extreme values of (8)
according to the mathematical program. The detailed expressions are as follows,
φ→ 1√
2
(φs + vφ + iφg) , HL/R → 1√
2
(
0
H0L/R + vL/R
)
,
HLR → 1√
2
(
H0∗LR +
vLR√
2
eiδ H+LR
−H−LR H0LR + vLR√2 e−iδ
)
,
〈φ〉 = vφ√
2
, 〈HL/R〉 =
vL/R√
2
(
0
1
)
, 〈HLR〉 = vLR
2
(
eiδ 0
0 e−iδ
)
. (9)
The above VEVs are estimated as vφ ∼ 500, vL ∼ 250, vR ∼ 108, vLR ∼ 10−7 (all are
in GeV as unit). They show a hierarchy of the symmetry breaking scales. For such
VEVs arrangement, the conditions of the vacuum stabilization are derived from the
conditions of the potential minimum, they are
[λφ, λH, µ0] > 0 , the ordered principal minor of
∣∣∣∣∣∣
2λφ λ2 λ2
λ2 2λH λ4
λ2 λ4 2λH
∣∣∣∣∣∣ > 0 . (10)
Of course, all kinds of the requirements are not difficult to be satisfied so long as
the parameters are chosen as some suitable values.
On physics mechanism, the model symmetry breakings are achieved step by step
at different energy scales. First of all, the gauge subgroups SU(2)R ⊗ U(1)Y are
spontaneously broken down U(1)Y ′ which is namely the hypercharge symmetry of
the SM. This is accomplished by the neutral component of the right-handed doublet
HR developing the VEV of vR ∼ 108 GeV, meanwhile, this also leads to the mirror
symmetry breaking. Secondly, SU(2)L ⊗ U(1)Y ′ → U(1)em, i.e. the electroweak
breaking. It is completed by the neutral component of the left-handed doublet HL
developing the VEV of vL ∼ 250 GeV. Lastly, the neutral component of the left-right
doublet HLR also develops the VEV of vLR ∼ 10−7 GeV together with the complex
phase factor eiδ. The reason for this is of course from the µ0 term in (8). In fact, the
Ω
2λLRv
2
LR
term in (8) is proportional to the original mass of the HLR field before the
symmetry breakings, see the following equation (11). For very heavy MHLR ∼ 1010
GeV and µ0 ∼ 104 GeV, this inevitably leads to a very small vLR ∼ 10−7 GeV. As
a result, the tiny vLR will give rise to the tiny neutrino masses, see the following
equation (13). In fact, this is a type-II seesaw [29]. In the dark sector, the U(1)D
symmetry breaking is realized by the singlet φ developing the VEV of vφ ∼ 500 GeV.
This breaking generates a pseudo scalar Goldstone boson φg and the ν˜ mass. Finally,
it is again emphasized that the U(1)B−L symmetry is maintained and unbroken all
the time.
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After the model symmetry breakings are over, all kinds of the particles are gen-
erated their masses and mixings according to the standard procedures. In the scalar
sector, the boson masses and mixing are such as
LScalarMass = −M2HLR(H0∗LRH0LR +H+LRH−LR)− (φs, H0L, H0R)
M2S
2
(φs, H
0
L, H
0
R)
T ,
M2HLR =
Ω
v2LR
=
µ0vLvRvLR
v2LR
, M2φg = 0 ,
M2S =
 2λφv
2
φ λ2vφvL λ2vφvR
λ2vφvL 2λHv
2
L +
Ω
v2
L
λ4vLvR − µ0vLR
λ2vφvR λ4vLvR − µ0vLR 2λHv2R + Ωv2
R
 , (11)
where the dark Goldstone φg has no any mass and mixing. In fact, the mass of H
0
LR
has also a tiny term 2λLRv
2
LR, but it can surely be omitted because of vLR ≪ vL ∼
vφ ≪ vR. By the same token, the mixing between H0LR and the three neutral bosons
φs, H
0
L, H
0
R can be ignored as well. Therefore, I only consider the mixing of the
latter three bosons. Their mass eigenvalues and mixing angles can be obtained by
diagonalizing M2S. It should be noted that the mass-squared matrix M
2
S must keep
being positive definite in order that its eigenvalues are all positive, therefore, the
relevant coupling parameters have to satisfy some restrictions. These restrictions are
exactly equivalent to the vacuum stabilization conditions (10) if all the smaller terms
involving in vLR are ignored. When λ2 and λ4 are smaller, the diagonal elements of
M2S approximate to M
2
φs
,M2
H0
L
,M2
H0
R
. At the present day, MH0
L
has been measured
as 125 GeV by the LHC [30]. The model will predict that Mφs is around several
hundred GeVs, MH0
R
∼ 107 GeV and MHLR ∼ 1010 GeV. H0R and HLR are too heavy
to be detected, but it is possible to find the neutral boson φs at the LHC. φg is
actually a species of the hot dark matter particles, so it inhabits in the dark matter
sector.
In the gauge sector, the gauge symmetry breakings bring about masses and
mixings of the vector gauge bosons through the Higgs mechanism. The detailed
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results are as follows,
g(W iLµ
τ iL
2
+W iRµ
τ iR
2
) + gY Yµ
QY
2
−→
g√
2
(W+Lµτ
+
L +W
−
Lµτ
−
L +W
+
Rµτ
+
R +W
−
Rµτ
−
R ) + g(ZµQL + Z˜µQR) + eAµQe ,
tanθ˜ =
gY
g
, tanθW = sinθ˜ , e = gsinθW ,
Qe = I
L
3 + I
R
3 +
QY
2
, QL =
IL3 − sin2θWQe
cosθW
, QR =
IR3 − sin2θ˜(Qe − IL3 )
cosθ˜
, AµZµ
Z˜µ
 =
 cosθ sinθ 0−sinθ cosθ 0
0 0 1
 cosθ˜ 0 sinθ˜0 1 0
−sinθ˜ 0 cosθ˜
 YµW 3Lµ
W 3Rµ
 ,
MWLµ =
gvL
2
, MWRµ =
gvR
2
, MZµ =
MWLµ
cosθW
, MZ˜µ =
MWRµ
cosθ˜
, MAµ = 0 .
(12)
In (12), there are only two independent parameters, namely the two gauge coupling
constants g and gY . θ˜ is a mixing angle for the right-handed isospin symmetry
breaking, and θW is a mixing angle for the left-handed isospin symmetry breaking.
QL and QR are two charge operators related to the two massive neutral gauge fields
Zµ and Z˜µ, respectively. In addition, it should be pointed out that the mixing angle
between Zµ and Z˜µ is ∼ v
2
Lcosθ˜ tan
2θW
v2
R
cosθW
, it is too small so that I can leave it out.
Similarly, the mixing angle between W±Lµ and W
±
Rµ is ∼ v
2
LR
v2
R
, it is almost zero. For
vR ∼ 108 GeV, MWRµ and MZ˜µ are ∼ 107 GeV.
In the Yukawa sector, the fermion masses and mixings are given by
LFermionMass = −(fL, f˜L)MF (fR, f˜R)T − νLMννR − ν˜LMν˜
2
ν˜R + h.c. ,
MF =
(
−vLR
2
e±iδYQ/L − vL√2Yf
− vR√
2
Y †f Mf˜
)
= UL
(
Mefff 0
0 Meff
f˜
)
U †R ,
Mefff ≈ −
vLvR
2
YfM
−1
f˜
Y †f = Uf diag (mf1 , mf2 , mf3)U
†
f , M
eff
f˜
≈ Mf˜ ,
Mν = −vLRe
iδ
2
YL = e
iδUν diag (mν1, mν2 , mν3)U
†
ν , Mν˜ = −
√
2 vφYν˜ , (13)
where f = u, d, e and f˜ = u˜, d˜, e˜. For (f, f˜) = (u, u˜), the notation in the first row
and first column element of MF takes e
+iδYQ. For (f, f˜) = (d, d˜), the notation is
e−iδYQ. For (f, f˜) = (e, e˜), it is e−iδYL. For YQ/L ∼ 10−3 and vLR ∼ 10−7 GeV,
the first row and first column element of MF is indeed very small and ignored,
but Mν can correctly account for the neutrino mass data. For Mf˜ ≈ vR, MF can
be diagonalized as the second equality. The mixing angle between fL and f˜L is
9
∼ vLYf
M
f˜
≪ 1, in parallel the mixing angle between fR and f˜R is ∼ vRY
†
f
M
f˜
∼ 0.1.
In fact, the diagonal structure of MF can also be derived from integrating out the
heavier vector-like fermions f˜ since they have decoupled at the low-energy scale.
Meff
f˜
are the effective mass matrices of the vector-like quarks and charged lepton,
which approximate to Mf˜ , while M
eff
f are the effective mass matrices of the usual
quarks and charged leptons. Mefff are obviously Hermitian matrices, thus they can
further be diagonalized by the unitary matrices Uf . By contrast, there is not any
mixing between ν and ν˜ by virtue of the natural characteristics of ν˜, so Mν and
Mν˜ are directly obtained. Likewise Mν can be diagonalized by Uν owing to the
YL Hermiticity. For vφ ∼ 500 GeV, in general Mν˜ are a few hundred GeVs. It is
again stressed that ν are light Dirac neutrinos in the visible sector, whereas ν˜ are
heavy Majorana neutrinos in the dark sector, the two species of neutrinos completely
differ in nature. It can be seen from (13) that the hierarchical VEVs can lead to
such hierarchical mass relations as Mν ≪ Mefff < Mν˜ ≪ Mf˜ . Because Mefff is a
quadratic function of Yf , some smaller hierarchy of the elements of Yf can naturally
lead to some larger hierarchy of the three generation fermion masses. This gives a
reasonable explanation for the quark and charged lepton mass hierarchy. The flavor
mixing matrix in the quark sector and one in the lepton sector are respectively
defined by [31, 32]
U †u Ud = UCKM , U
†
e Uν = UPMNS . (14)
The mixing angles and CP -violating phases in UCKM and UPMNS are parameter-
ized by the standard form in particle data group [1]. Because the origin of Mν is
essentially distinguished from one of Mefff=u,d,e , the lepton flavor mixing is of course
different from the quark one very much. The later numerical results will full demon-
strate the interesting features and predictions of the particle masses and mixings.
IV. Matter-Antimatter Asymmetry
The model can account for the matter-antimatter asymmetry in the universe
on the basis of the preceding discussions. As the universe expansion and cooling,
the model symmetries are spontaneously broken and reduced step by step. In the
evolution process, the matter-antimatter asymmetry will naturally be generated by
the following mechanism.
For most of the inflation models, the reheating temperature is in general ∼
1012−13 GeV [33]. The boson HLR has by nature a very heavy mass about 1010 GeV,
which is below the reheating temperature, therefore the heavy boson HLR can exist
in the reheated universe. HLR has an important decay processHLR → LL+LR in the
light of (7) and (8), as shown in Figure 1. Its CP conjugate process, H†LR → LL+LR,
has the diagram counterpart as well. The decay process can satisfy two items of
Sakharov’s three conditions [34], namely it is CP violation and out-of-equilibrium
10
HLR
LR
LL
LL
LR
HLR
HL
H†R
e˜
(a) (b)
Figure. 1. The tree and loop diagrams of the decay HLR → LL + LR, which will
lead to the matter-antimatter asymmetry.
but it conserves B-L instead ofB-L violation. The phase δ 6= 0 in the scalar potential
(8) is explicitly a source of the mirror asymmetry and CP violation. The CP -
violating phase factor can be transferred into the light neutrino mass Mν through
the spontaneous breakings, see (13). It can surely lead to a CP asymmetry of the
decay by the interference between the tree diagram and the loop one. The CP
asymmetry is defined and calculated as follow,
ε =
Γ(HLR → LL + LR)− Γ(H†LR → LL + LR)
ΓTotal(HLR)
=
vLRIm[e
iδ
3∑
i=1
Me˜ilnxi(Y
†
e Y
†
LYe)ii]
pi vLvR
(
Tr[YLY
†
L + 3YQY
†
Q] + 4y
2
) ,
ΓTotal(HLR) = Γ(HLR → LL + LR) + Γ(HLR → QL +QR) + Γ(HLR → HL +H†R),
xi =
Me˜i
MHLR
, y =
µ0
MHLR
. (15)
For µ0 ∼ 104 GeV, MHLR ∼ 1010 GeV and YQ < YL ∼ 10−3, HLR → LL + LR is
actually the dominant decay process, so ΓTotal(HLR) ≈ Γ(HLR → LL + LR). For
simplicity, the three generation vector-like charged leptons can be taken as mass
degeneracy, i.e. Me˜i = Me˜, thus a concise formula of ε is obtained as
ε =
v2LRM
2
e˜ lnxIm[Tr(M
eff
e Mν)]
pi v2Lv
2
R Tr[MνM
†
ν ]
, x =
Me˜
MHLR
,
T r(Meffe Mν) = e
iδTr[diag(me1 , me2, me3)UPMNSdiag(mν1 , νν2, νν3)U
†
PMNS] ,
T r(MνM
†
ν) =
3∑
i=1
m2νi , (16)
where the third equation in (16) is given by use of (13) and (14). For Me˜
vR
∼ 1 and
the logarithmic dependence on x, vLR and δ are actually the two main parameters
in charge of ε. ε can correctly give a satisfied asymmetry for vLR ∼ 10−7 GeV and a
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moderate δ. On the other hand, the out-of-equilibrium condition is that the decay
rate is far smaller than the Hubble expansion rate of the universe, namely
Γ(HLR → LL + LR) = MHLRTr(YLY
†
L)
16pi
=
MHLRTr(MνM
†
ν )
4piv2LR
≪ H(T = MHLR) =
1.66
√
g∗M2HLR
Mpl
, (17)
where Mpl = 1.22× 1019 GeV, and g∗ is the effective number of relativistic degrees
of freedom at T = MHLR . At this temperature, the non-relativistic particles only
include HLR, u˜, d˜, e˜, the rest of the model particles are all the relativistic states,
thus one can easy figure out g∗ = 129.25. For MHLR ∼ 1010 GeV and vLR ∼ 10−7,
the condition (17) is indeed satisfied. Besides the two above-mentioned virtues,
the decay has another noteworthy characteristic. It violates positive two units of
the lepton number for the left-handed lepton doublet LL, simultaneously, violates
negative two units of the lepton number for the right-handed lepton doublet LR, but
the total lepton number is conserved. As a result, the decay can respectively lead to
a lepton number asymmetry of LL and one of LR, which are respectively denoted by
YLL and YLR. YLL is an asymmetry between the left-handed lepton doublet LL and
the right-handed antilepton doublet LL, and YLR is a similar meaning. YLL and YLR
are respectively related to ε by the first two equations of (18). Because the both are
the same size but opposite sign, the total lepton number asymmetry of the universe
is still vanishing.
After the heavy boson HLR decay and decoupling, the model symmetries occur
the first step breaking SU(2)R ⊗ U(1)Y → U(1)Y ′ at the vR scale, then the gauge
symmetries decrease to the SM gauge groups. In this period, the right-handed lepton
doublet LR is spontaneously decomposed into the two uncorrelated states νR and eR,
in which νR becomes a singlet of the SM. Accordingly, the original asymmetry YLR is
converted into the two separate asymmetries YνR and YeR, where YνR is an asymmetry
between the right-handed neutrino and the left-handed antineutrino, and YeR is a
similar meaning. Obviously, YνR and YeR are the same size and sign, see the second
line of (18). Below the temperature of T = vR, the reactions as νR + eR → WR →
uR+dR and νR+νR → Z˜µ → f +f are in equilibrium, moreover, the latter reaction
can annihilate the symmetry part of the right-handed neutrino but its asymmetry
part is left. However, the processes will also be out-of-equilibrium as the universe
temperature decreasing on account of (MWR ,MZ˜) ∼ 107 GeV. As a result, the right-
handed neutrinos will completely decouple from the SM particles. The decoupling
temperature of νR can simply be estimated as
TνR
TνL
∼ (MZ˜
MZ
)
4
3 where TνL is the left-
handed neutrino decoupling temperature. For TνL ≈ 1 MeV, the later numerical
calculations will show TνR ∼ 104 GeV. Because νR is relativistic decoupling, YνR is
not dependent on the universe temperature in the comoving volume. Therefore, the
original YνR does not change before and after νR decoupling.
When the universe temperature decreases to the electroweak breaking scale vL,
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νR has been frozen for a long time. The lepton number asymmetry of the SM now
consists of YLL and YeR, namely YSM = YLL+YeR, which is obviously non-zero. How-
ever, the total lepton number asymmetry of the universe is still vanishing because
of YSM = −YνR. At this stage, the sphaleron electroweak transition can smoothly
put into effect [35]. It can convert YSM into the baryon number asymmetry YB, see
the last line of (18). By contrast, YνR cannot be converted into YB because νR is
not involved in the sphaleron process at all. Thus the original YνR will survive and
exists in the present-day universe. Consequently, the universe are eventually gener-
ated the two separate matter-antimatter asymmetries ηB and ηνR. In the model, the
charged leptons have the effective Yukawa coupling to Higgs as LLHLY
eff
e eR where
Y effe =
vR√
2
YeM
−1
e˜ Y
†
e . It can transform the right-handed charged lepton asymmetry
into the left-handed one. But there is not an effective Yukawa coupling like this
for the light neutrinos. Therefore, the right-handed neutrino asymmetry cannot
be transformed into the left-handed one through the so-called mass equilibrium, in
other words, it cannot kill the baryon asymmetry. This is not only a source by
which the tiny neutrino mass is distinct from the other fermion masses, but also
a key point that the baryogenesis works and the right-handed neutrino asymmetry
survives. At present day, ηB has been measured, but ηνR hides itself and eludes
the observations. However, ηB and ηνR are actually a complementary relationship
because the both have the same origin. The model predicts ηB
ηνR
= 28
51
. This provides
a guide for the future experimental search.
The above-mentioned procedures and discussions are summarized by the rela-
tions as follows,
YLL =
nLL − nLL
s
= κ
2 ε
g∗
, YLR =
nLR − nLR
s
= κ
−2 ε
g∗
, YLL = −YLR ,
YνR = YeR =
YLR
2
, YSM = YLL + YeR = −YνR ,
ηB =
nB − nB
nγ
= 7.04
csp
csp − 1YSM , ηνR =
nνR − nνR
nγ
= 7.04YνR ,
ηB
ηνR
=
csp
1− csp .
(18)
In (18), κ is a dilution factor, it can be approximated to κ ≈ 1 for the very weak
decay. 7.04 is a ratio of the entropy density s to the photon number density nγ . csp =
28/79 is a coefficient of the sphaleron conversion. Finally, it is again stressed that the
asymmetries of matter-antimatter including both baryon and right-handed neutrino
take place before the electroweak breaking, in other words, before all the fermion
masses are generated, the baryogenesis and the right-handed neutrino asymmetry
have been completed. At the later era, therefore the mass equilibration cannot erase
the asymmetries of the baryon and right-handed neutrino. Through this mechanism,
the universe eventually evolves into the final state with both baryon asymmetry and
right-handed neutrino asymmetry from the initial state with the matter-antimatter
symmetry. The later numerical results will demonstrate that the baryon asymmetry
can successfully be achieved.
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Figure. 2. The annihilation ways of a pair of the cold dark matter ν˜, in which the
diagram (a) is main process.
V. Cold Dark Matter
The model can also account for the cold dark matter issue. The model dark
sector includes the Majorana neutrino ν˜, the pseudo scalar Goldstone boson φg, and
the massive neutral scalar boson φs in the light of the model interactions. These
particles are neutral singlets under the model gauge groups, in addition, they have
the D numbers instead of the B-L numbers. By virtue of the characteristics, ν˜ and
φg are actually stable particles in the universe, they respectively become the cold
and hot dark matter. φs can not only decay into a pair of φg or ν˜ (if Mφs > 2Mν˜),
but also decay into a pair of the SM particle. φs therefore becomes a messenger
between the dark sector and the visible sector.
In the early universe, The particles ν˜, φg, φs are thermal equilibrium in the hot
plasma through such reactions as shown Figure 2 (note that ν˜ identifies with ν˜
because of ν˜ being Majorana fermion, hereinafter as so). In addition, a pair of
heavier mass ν˜ can annihilate into a pair of lighter mass ν˜ by the intermediate
Goldstone φg. As the universe temperature decreasing, the reactions will be out-of-
equilibrium and ν˜ will be frozen. Through careful analysis, the principal annihilation
channel of ν˜ is actually the diagram (a) in Figure 2, namely a pair of ν˜ annihilates
into a pair of Goldstone φg through the intermediate φs. Its annihilation cross
section is calculated as follows,
σi(ν˜i + ν˜i → φg + φg) =
λ2φM
2
ν˜i
16pi[(s−M2φs)2 + (ΓφsMφs)2]
√
(1− 4M
2
ν˜i
s
) ,
Γφs = Γa(φs → φg + φg) + Γb(φs → HL +H†L) +
∑
i
Γi(φs → ν˜i + ν˜i) ,
Γa =
λ2φ v
2
φ
8piMφs
, Γb =
λ22 v
2
φ
32piMφs
√
1− 4M
2
HL
M2φs
, Γi =
MφsM
2
ν˜i
16piv2φ
(
1− 4M
2
ν˜i
M2φs
) 3
2
, (19)
where s = 4M2ν˜i/(1− v2i ) is the squared center-of-mass energy, and vi is the velocity
of ν˜i in the center-of-mass frame. According to the general theory of WIMP [36], ν˜ is
non-relativistic decoupling at the freeze temperature Tf ≈ Mν˜20 . The relic abundance
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of ν˜ in the current universe is determined by its annihilation reaction rate [37]. The
details are such as
ΩDh
2 =
3∑
i=1
Ωih
2 ≈
3∑
i=1
2.58× 10−10GeV−2
〈σivr〉 , (20)
where vr is the relative velocity of the two annihilate particles, and the heat average
in the denominator can be calculated by 〈σvr〉 ≈ a+b〈v2i 〉 = a+b 3TfMν˜i . For simplicity,
three generations of ν˜ can be taken as mass degeneracy, thus ΩDh
2 = 3Ω1h
2. For
Mν˜ ∼ 100 GeV, Mφs ∼ 300 GeV, and λφ ∼ 0.1, (19) can naturally give a weak
cross section σ ∼ 10−9GeV−2, then (20) will lead to ΩDh2 ∼ 0.1, which meets the
current observation data. It should be pointed out that the scenario does not affect
BBN since the generation of BBN takes place at the energy scale about 1 MeV. In
a word, ν˜ is indeed a good candidate of the cold dark matter.
I add a brief discussion about two species of the hot dark matter, the light Dirac
neutrino and the dark Goldstone boson. In the model, νL and νR couple together to
give rise to the tiny mass. Nevertheless, the destiny of νR is very different from one of
νL due to the mirror symmetry breaking. Firstly, TνR ∼ 104 GeV is far larger than
TνL ∼ 1 MeV. Secondly, the νR asymmetry cannot be converted into the baryon
asymmetry through the sphaleron process. Thirdly, the relic abundance of νR in
the current universe is much smaller than one of νL, a ratio of the both is
ΩνR
ΩνL
=
g∗(TνL )
g∗(TνR )
≈ 0.057 where g∗(TνL) = 6.82 and g∗(TνR) = 119.25. At the temperature TνL
the relativistic states are only γ, νL, νR, φg, but at the temperature TνR the relativistic
states include all of the SM particles and the dark sector particles. For ΩνL ≈ 1.7×
10−3 at the present day, thus one can obtain ΩνR ≈ 1×10−4, which is about two times
the size of the relic abundance of the microwave background photon (Ωγ ≈ 5×10−5).
The Goldstone boson φg connection with the SM particles is only a weak coupling
of it to the SM Higgs HL. At the present era, φg has become a species of hot dark
matter and only comes into activity in the dark sector. Since it is a massless scalar
boson and relativistic decoupling earlier, its effective temperature at the present day
is actually lower than the microwave background photon temperature. The current
energy density of a relativistic particle is proportional to its effective temperature
and degree of freedom, therefore the current abundance of φg can be estimated as
Ωφg
Ωγ
=
gφgTφg
gγTγ
< 1
2
. In short, ΩνR + Ωφg < 1.25 × 10−4, whereas ΩνL ≈ 1.7 × 10−3,
the former is an order of magnitude smaller than the latter, so the model is not
in conflict with BBN constraints. Finally, all the interesting predictions are a very
large challenge for future experimental search.
VI. Numerical Results
In the section I present the model numerical results. In the light of the foregoing
discussions, the model contains a lot of the new parameters besides the SM ones. In
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principle the SM parameters can be fixed by the experimental data, but the non-SM
parameters have yet very large freedoms. The parameters involved in the numerical
calculations are now collected together. The gauge sector parameters are the two
gauge couplings g and gY . In view of the relevant relations in (12), I can use the
mixing angle tanθ˜ as a substitute for gY . Furthermore, g and tanθ˜ are determined
by e and sinθW which have precisely been measured by the electroweak physics.
The scalar sector parameters include the four coupling coefficients, λφ, λH , λ2, λ4,
and the four VEVs, vφ, vL, vR, vLR, and the mass dimension parameter µ0 and the
complex phase δ. Among which, λH and vL are determined by the SM physics and
the mass measure of H0L at the LHC. For the non-SM parameters, I only give a set
of the typical values instead of the complete analysis for the parameter space. Based
on an overall consideration, a set of reasonable and consistent values of the gauge
and scalar parameters are chosen as
g = 0.654 , sinθ˜ = 0.534 ,
λφ = 0.1 , λH = 0.12 , λ2 6 0.01 , λ4 6 0.01 ,
vφ = 500 GeV, vL = 246 GeV, vR = 1× 108 GeV, vLR = 3× 10−7 GeV,
µ0 = 1× 104 GeV, δ = 0.117 pi . (21)
λ2 and λ4 are believed to be relatively weaker, especially λ2 should be bound by the
decay H0L → φg + φg. However, the condition (10) is satisfied. λφ and vφ dominate
Mφs and Mν˜ whose limits can be obtained by fitting the relic abundance of the
cold dark matter. vLR and δ are in charge of the baryon asymmetry. Now (21) is
substituted into the relevant equations in (11) and (12), the gauge and scalar boson
masses are straightforward calculated as follows (in GeV as unit),
MWL = 80.4 , MZ = 91.2 , MWR = 3.27× 107, MZ˜ = 3.87× 107,
Mφs = 223 , MHL = 125 , MHR = 4.9× 107, MHLR = 2.86× 1010. (22)
Needless to say, these results are very well in accord with the previous discussions.
MWR, MZ˜ and MHR are dominated by vR. MHLR is affected by µ0. By use of (22),
one can obtain TνR ≈ 3.2× 104 GeV.
The Yukawa sector contains a great deal of the flavor parameters. However, I
can choose such flavor basis as all of Mu˜,d˜,e˜ and Yν˜,L,Q being diagonal. In addition,
Yν˜ and YL can be replaced by Mν˜ and Mν in the light of (13). The couplings
Yu,d,e implicate the flavor structures, and determine the masses and mixings of the
quarks and charged leptons. The calculations of the baryon asymmetry involve in
the mass and mixing parameters of the charged leptons and light neutrinos, which
have excellently been measured except the two undetermined parameters [1]. One
parameter can be chosen as mν2 since the two mass-squared differences △m221 and
△m232 are known. The other is the CP -violating phase δl in the lepton flavor mixing,
which has no any information from the experiments by now. For simplicity, Me˜ and
Mν˜ are taken as two constant unit matrices, i.e. mass degeneracy. Furthermore, Me˜
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is fixed to the same value as vR for the theoretical consistency. Mν˜ is determined
by fitting the relic abundance of the cold dark matter. The values of the Yukawa
sector parameters are as follows,
me = 0.511 MeV, mµ = 105.7 MeV, mτ = 1777 MeV,
mν2 = 0.01 eV, △m221 = 7.6× 10−5 eV2, △m232 = 2.35× 10−3 eV2,
sinθ12 = 0.558 , sinθ23 = 0.7 , sinθ13 = 0.158 , δ
l = 0 ,
Me˜ = 1× 108 GeV, Mν˜ = 100.7 or 124 GeV. (23)
By use of (16)-(20), now the baryon asymmetry and the relic abundance of the cold
dark matter ν˜ are calculated as
Γ(HLR → LL + LR)
H(T =MHLR)
= 0.052 , ηB = 6.15× 10−10 , ΩDh2 = 0.112 , (24)
where the ratio of the decay width of HLR → LL+LR to the Hubble expansion rate
is also given. It is very clear that the decay process is indeed out-of-equilibrium.
The values of ηB and ΩDh
2 are precisely in agreement with the current data of the
baryon asymmetry and cold dark matter [38]. Mν˜ has double value solution in (23).
The smaller value corresponds to 2Mν˜ < Mφs, while the larger value corresponds to
2Mν˜ > Mφs .
Figure 3 draws ηB subjecting to δ for the three values of vLR = (2 × 10−7, 3 ×
10−7, 4 × 10−7) GeV, while the other parameters are fixed by (21) and (23). The
intersection of the curve II and the horizontal baseline of ηB = 6.15× 10−10 exactly
corresponds to the values of vLR and δ in (21). It can be seen from Figure 3 that
ηB increases with increasing vLR when δ is fixed, in other words, δ decreases with
increasing vLR along the ηB baseline. Thus, a reasonable region of vLR should be
∼ (2× 10−7− 4× 10−7) GeV for the moderate δ. In particular, it should be pointed
out that the leptonic CP -violating phase δl varying has nearly no effect on ηB, in
other words, in essence the baryon asymmetry has nothing to do with the lepton CP
violation. Therefore, I can draw a conclusion that the matter-antimatter asymmetry
completely originates from the mirror symmetry breaking and CP violation in the
scalar sector.
Figure 4 is the graphs of vφ versus Mν˜ satisfying ΩDh
2 = 0.112, in which λφ is
taken as 0.1 and 0.2, while the other parameters are fixed by (21) and (23). The
dashed and solid lines correspond to the case of 2Mν˜ < Mφs and 2Mν˜ > Mφs ,
respectively. At vφ = 500 GeV, the two points on the red dashed and solid lines
exactly corresponds to the two values of Mν˜ in (23). Mν˜ increases with increasing
λφ when vφ is fixed. Evidently, a smaller vφ cannot meet the model theoretical
requirements and the experimental limits, whereas a larger vφ can lead to a larger
Mν˜ , this is also unacceptable. Based on an overall consideration, a reasonable area
of vφ and Mν˜ should be vφ ∼ (300− 800) GeV and Mν˜ ∼ (50− 300) GeV. Because
ν˜ has no any direct interactions with the SM particles, it will be very difficult for
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Figure. 3. The graphs of the baryon asymmetry subjecting to the phase δ for
vLR = (2 × 10−7, 3 × 10−7, 4 × 10−7) GeV, while the other parameters are fixed by
(21) and (23). The curve II corresponds to the case in the context.
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Figure. 4. The graphs of vφ versus Mν˜ satisfying ΩDh
2 = 0.112 for λφ = (0.1, 0.2),
while the other parameters are fixed by (21) and (23). The dashed and solid lines
correspond to the case of 2Mν˜ < Mφs and 2Mν˜ > Mφs , respectively.
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Figure. 5. (a) the pair production of νR by the proton-proton collisions, (b) the
pair production of φs or φg, (c) the decay of φs into a pair of the quark or charged
lepton.
searching it in future experiments. However, vφ is able to be determined by finding
the boson φs because it has a weak coupling to the SM Higgs HL.
A whole mass spectrum of all kind of the model particles is now summarized as
follows,
MAµ = Mφg = 0 , Mν ∼ 0.01 eV,
MSMparticles ∼ (0.001− 100) GeV,
Mφs ∼ (130− 350) GeV, Mν˜ ∼ (50− 300) GeV,
(MWR ,MZ˜ ,MHR,Mf˜) ∼ 107−8 GeV, MHLR ∼ 1010 GeV. (25)
All the numerical results clearly demonstrate the main ideas of the model. The
model can not only completely accommodate all of the measured data of the SM
and neutrino physics, but also accurately reproduce the observed data of the baryon
asymmetry and cold dark matter. All the results are naturally produced without
any fine tuning.
In the end, I give some methods how to search these non-SM particles νR, φs, φg, ν˜
at the LHC. On the basis of the model interactions, Figure 5 draws some feasible
production and decay processes. The diagram (a) illustrates the pair production of
νR by the proton-proton collisions, of course, this process cross section is so tiny
that detection to νR will be very difficult. The diagram (b) can produce a pair of
φs or φg, however, its cross section is also tiny because of the weak coupling λ2. φs
principally decays into a pair of φg or ν˜ (if 2Mν˜ < Mφs), and it can also decay into a
pair of the quark or charged lepton, as shown the diagram (c). Therefore, the loss of
energy in the φs decay should be regarded as a definitive signal of the dark matter
neutrino ν˜ and Goldstone φg. Although all of the searches are very challenging for
the future experiments, the model is feasible and promising to be tested in the near
future.
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VII. Conclusions
In the paper, I suggest a simple and feasible particle model. The model extends
the SM to the left-right mirror symmetric theory with the global U(1)B−L × U(1)D
symmetries. The heavy scalar HLR in the model develops a tiny VEV after the
gauge symmetry breakings, by which the tiny mass of the light neutrino is generated.
The decay of HLR → LL + LR is CP violation and out-of-equilibrium. The CP -
violating source is in the scalar potential. Through the mirror symmetry breaking
and sphaleron process, this eventually leads to both the baryon asymmetry and the
light right-handed neutrino asymmetry. In addition, the U(1)D symmetry breaking
causes that the Majorana neutrino ν˜ and Goldstone boson φg become the cold and
hot dark matter, respectively. The model can not only naturally accommodate
the SM and neutrino physics, but also elegantly account for the matter-antimatter
asymmetry and cold dark matter. The four things are closely interrelated and
completely integrated in this theory. In particular, the model gives a number of
interesting predictions, for instance, the light right-handed neutrino asymmetry is
the same size as the baryon asymmetry, its relic abundance is the same size as
one of the microwave background photon, the cold dark matter neutrino mass is
∼ (50 − 300) GeV, the neutral scalar boson occurs around (130-350) GeV, and so
on. However, the reason and mechanism of the mirror symmetry breaking are yet
unknown in the model. They maybe have something to do with some underlying
physics, e.g. string theory. This is worthy of further research. Finally, it is feasible
and promising to test the model in future experiments. Some of the non-SM particles
will possibly be discovered in the future. Undoubtedly, any progress toward these
goals will promote our understandings to the mysteries of the universe.
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